Introduction
Optical vortices are light beams with helical phase fronts and azimuthal components of the wave vectors. Since the fact that photons in optical vortices carry orbital angular momentum (OAM) was discovered, [1] OAM modes have been investigated intensively in the field of optical microscopy, [2] micromanipulation, [3] [4] [5] [6] [7] super-resolution imaging, [8, 9] and quantum information technologies. [10] [11] [12] [13] [14] [15] After a series of profound studies, there are growing interests in employing OAM to solve the problem in wireless communication as a new method. The first radio OAM mode (or twisted wave) simulation was performed in 2007, providing a theoretical foundation for OAM-based wireless communications. [16] In 2012, the first experiment of the wireless radio transmission applying the vortex beam was completed, which verifies that the OAM-carried electromagnetic (EM) waves make contributions to the increase of communication capacity without increasing the bandwidth. [17] It has also been demonstrated that the EM waves with different OAM modes can work independently to each other in the wireless communications. That is to say, if the mode of the transmitting OAM wave is designed as l, spiral phase plates that generate -l mode OAM should be applied to receive the Gaussian beam by the receiving antenna. [18] Owing to the novel advantages of OAM modes, approaches to generate electromagnetic (EM) waves carrying OAMs become a focused research area. Up to now, there have been many methods to generate OAMs. The most attractive way among them is to use spiral phase plates due to its simple structure and practicality. [5, [19] [20] [21] [22] This method has been widely adopted in optics, followed by being introduced to the microwave and millimeter wave bands.
The spiral phase plate is such a diffractive element that can modulate the phase of EM fields by its optical thickness. The other widely used method is antenna array. [23] [24] [25] [26] [27] Although the theory and technology foundation have already almost been perfect, the complex phaseshifting network is necessary to generate the required rotation phase. Not only the phase relationship among the radiation units should be guaranteed, but also the power needs to be consistent for the quality of OAMs. When the mode number of OAM is larger, more antennas are needed, which will result in significant increase of complexity and cost.
Recent progresses in metasurface offer new ways of manipulating phase distributions of EM waves. [28] [29] [30] [31] [32] By properly arranging the subwavelength unit cells with different dimensions on the metasurface, the EM waves interacted with the metasurface can be translated into the one with the OAM mode, and the total phase range of the metasurface determines the mode number of OAMs. Meanwhile, more and more attention has been paid on single cavities due to the simple structures and easy fabrication, such as whispering-gallery mode resonators. [33] [34] [35] The structures supporting whispering-gallery mode have interactions with the radiation mode, leading to the appearance of OAM modes. Half-mode substrate integrated waveguide antenna was also demonstrated to have the ability to generate vortex beams. [36] There are advantages of these existing methods but also disadvantages, such as the complexity of the structure, the difficulty in controlling the OAM mode, and the limited number of OAM modes.
In this article, a novel method is proposed to generate the vortex beams, which is based on the spoof surface plasmon polaritons (SPPs). A looped double-layer spoof SPP waveguide is applied to construct the transmission route of the EM waves, while a series of circular patches is set beside the spoof SPP waveguide for beam emitting. At the same time, the circular patches also function as resonators modulating the phase of the radiation beam. The theoretical calculation of the beam emission is illustrated, while the prototype is simulated and measured. The measured results agree very well with the simulations, which are also predicted by the theoretical analysis. We show that the vortex beams with different OAM modes are generated at different frequencies without any changes in the structure. Moreover, the proposed structure can be added into the integrated circuits easily as an important part of the wireless communications. To the best of our knowledge, this is the first time to produce OAM modes using spoof SPPs. The proposed method not only expands the application area of spoof SPPs, but also provides a much easier way to generate vortex beams.
Results

Structure and Operating Principle
Since the vortex beam owns helical phase fronts and azimuthal component of wave vector, the key to generate the vortex beam is the rotated phase distribution and radiation. Figure 1(a) illustrates a prototype of the proposed structure, in which a single-side corrugated metallic strip is used to form the spoof SPP waveguide. Because of the loop structure, the spoof SPP waveguide is designed on both sides of the dielectric substrate in order to avoid the overlap.
The top and bottom SPP waveguides are connected by a metallic via, as shown in Figure 1(b) .
It was declared that the metallic via can form surface mode on the transition part, instead of the waveguide mode caused by the boundaries of the two layers. [37] This results in the high transmission efficiency, especially when the thickness of the substrate is large. The substrate in this particular design is chosen as commercial printed circuit board, F4B, with a relative permittivity of 2.65 and loss tangent of 0.003. To reduce the effect coming from the overlap between the top and bottom SPP waveguides, the thickness of the substrate is set as 3mm. The spoof SPP waveguide is made to be a loop with radius of 80 mm, for the purpose to form the whole length as an integer times of wavelength at the expected radiation central frequency (6 GHz) . The radius of the circular patch is set as 8 mm for the same sake, so that the single-pass phase shift after a circular resonator can achieve 2π. The reason of this set will be illustrated in the following. The pictures of the proposed design are also given in Figure 1 
(c).
Consider the spoof SPP waveguide composed of the unit cell shown in Figure 2 , whose detailed size is designed as p=5 mm, w=5 mm, a=2 mm, and h=4 mm. The dispersion curve is obtained through numerical method. From the dispersion curve, it can be seen obviously that the spoof SPP waveguide owns different propagating constants (k) at different frequencies.
That is to say, when the EM waves propagate along the spoof SPP waveguide for the same physical distance, the phase shift is different at different frequencies. If the spoof SPP waveguide is made to be a loop, the rotated phase distribution will be achieved along the spoof SPP waveguide and a phase gradient along the azimuth direction will be obtained.
These issues are the solid foundation to the OAM modes.
As the phase gradient along the azimuth direction can be realized through the variant of spoof SPP waveguide, another key issue is the efficient radiation of EM waves to free space.
Here, a series of circular metal patches are used as radiators. It has been demonstrated that when the circular patches are placed around the spoof SPP waveguide, the SPP waves are easily coupled to the patches for efficient radiations. [38] Resonator is the other role of such circular metal patches in the next place. When the circular patches are put beside the spoof SPP waveguide, a phase lag appears along with the energy coupling. To illustrate this issue, we consider a single circular metal patch placed beside the SPP waveguide, as shown in Figure 3(a) . The relationship among the input electric field E 1 , the output electric field E 2 , and the circulatory electric fields E 3 and E 4 can be established according to the coupling relationship and the electric field in the feedback route:
where ρ and κ are the self-coupling coefficient and mutual-coupling coefficient, respectively.
Both factors are supposed to be independent of frequency with satisfying ρ 2 +κ 2 =1. Also the circulatory electric field E 4 becomes E 3 after the propagation through the feedback route, as depicted as:
where α is the attenuation of the circular resonator, φ denotes the single-pass phase shift, a is the single-pass amplitude transfer factor, τ signifies the single-pass transition time, and ω is the frequency. From Equation (1) and (2), the relationship between the input electric field E1
and output electric field E 2 can be obtained as:
Then the phase lag introduced by the circular resonator is determined by Φ=arg (t). Therefore, the final radiation phase is a combination of the phase from spoof SPP waveguide and that brought about from the circular metal patches. As a consequence, if the total phase shift around the loop is l times of 2π, then the mode number of OAM is l.
In order to get an intuitive recognition of the phase lag introduced by the circular patches,
we suppose that the single-pass amplitude transfer factor is 1. Then the effective phase lags after the circular resonator under different self-coupling coefficients are described in Figure   3 (b). We note that, no matter what the self-coupling coefficient is, the effective phase-shift difference between the maximum single-pass phase shift and the minimum single-pass phase shift keeps 2π all the time. That is to say, if the single-pass phase shift after the circular resonator is made to be 2π, then the effective phase-shift difference between the situations with and without the circular resonator achieves 2π. This conclusion is necessary to the design of the OAM structures.
Analysis and Theoretical Arithmetic
To analyze the OAM modes carried by the radiation beam, the radiation at the central frequency is taken as an example. From the dispersion curve given in Figure 2 provided by the spoof SPP waveguide should be 16 times of 2π, and then the total phase shift can achieve 2π. According to the relationship between the propagating constant and phase shift, it is found that this condition is satisfied around 6.3 GHz. In a similar way, l = 2 appears at about 6.6 GHz. Furthermore, when the phase provided by the spoof SPP waveguide is less than the phase lag introduced by the circular metal patches, a reversal in the phase rotation turns up. At about 5.8 GHz, the phase provided by the spoof SPP waveguide is 14 times of 2π, leading to the OAM mode number l = -1. Similarly, the situation with l = -2 can be reached at around 5.5 GHz. Table I provides the precise values of frequencies corresponding to the relevant OAM modes. From the comparison between the theoretical arithmetic and full-wave simulation, the accuracy of the analysis can be corroborated since the deviation of frequency is tiny. The cause of these subtle errors can be blamed to the approximate evaluation of the propagation constant, which is inevitable.
The far field radiation patterns at the predicted frequencies are also calculated through MATLAB, serving as a preliminary evidence of the proposed principle and design. The calculated results are given in Supporting Information.
Simulations and Measurements
To illustrate the efficiency of the radiation, the proposed structure is simulated and fabricated for measurements. All materials in the experiments are the same as those in the simulations.
Scattering (S) parameters (i.e., reflection coefficients S 11 and transmission coefficients S 21 ) are measured through the Agilent Vector Network Analyzer (VNA), as shown in Figure 4 . With reference to Figure 4 (a), we observe that the reflection coefficients are less than -10dB during the whole radiation frequency range, indicating the good impedance match. From Figure 4 (b),
we clearly see the resonant frequencies corresponding to the relevant OAM modes. The good agreements between the simulated and measured results, as well as the comparison in Table I, firmly validate the theory mentioned before. Combined the two kinds of coefficients, we can conclude that the radiation efficiency is fairly high. Most of the energy is radiated to the free space by the proposed structure. Owing to the limitation of the experiment system, the radiation efficiency cannot be measured. But we give the simulated efficiency, as well as the gain of the proposed structure at corresponding frequencies in Supporting Information.
In order to further verify the above analysis, a near-field experiment was performed, as shown in Figure 5 . The comparison between the simulated and measured near-field distributions is presented in Figure 6 , in which Figure 6 We can get l = -2, -1, 0, 1, 2 at 5.5, 5.8, 6.0, 6.3, and 6.6 GHz, respectively, corresponding to the forecasts from the analysis.
From the simulated and measured amplitude distributions of the proposed structure, we can conceive the far-field radiation pattern. However, to get the precise cognition, the far-field radiation patterns are also measured for further proof of the vortex-beam generation (see Figure S1 . Calculated radiation patterns at different frequencies through MATLAB. Table S1 . Simulated gain and efficiency of the proposed structure at relevant frequencies. To make a preliminary verification of the proposed principle and design, the approximate radiation patterns are calculated through MATLAB. Each circular patch is considered as one of the circular array elements. The formula to calculate the radiation pattern can be written as:
Supporting Information
where In and αn represent the amplitude and phase of the nth array element, a is the radius of the circular array, φ n signifies the location of the nth array element, θ and φ are used to describe the coordinate in the space. For simplicity, all the elements are considered possess the same amplitude but with a certain phase difference, which is determined by the distance between the adjacent elements as well as the frequency. That is to say the phase difference between the two adjacent elements is related to the transmission along the spoof SPP waveguide. According to Equation (1), the calculated normalized radiation patterns are shown in Figure S1 . It is obviously that the normal beam is obtained at 6 GHz, while hollow radiation patterns appear at other frequencies. It is worth noting that, this is only an approximate prediction of the radiation patterns. There is no practical meaning of the numerical values in the figure, since this is just a qualitative analysis.
Gain and efficiency are important indicators of the performance of a beam emitter. With the reference to the simulated results shown in TABLE S1, it can be observed that the proposed design has relatively high radiation efficiency of around 90% generally. And we can see the gain becomes larger from 5.45 GHz to 6.03 GHz, and decreases afterwards. This is owing to the shape properties of vortex beam. When the hollow radiation patterns appear, the radiation energy is scattered instead of being converged to one point. So the gain reaches peak value at around 6 GHz. 
